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ACTIVATED MACROPHAGES DESTROY INTRACELLULAR Leishmania major
AMASTIGOTES BY AN L-ARGININE-DEPENDENT KILLING MECHANISM'

SHAWN J. GREEN2 , MONTE S. MELTZER,* JOHN B. HIBBS, JR.,* ANt) CAROL A. NACY*

From the *Department of Cellular Immunology. Walter Reed Army Institute of Research. Washington. D.C. 20307: and 'VA
Medical Center. and Department of Medicine, Division of Infectious Diseases. University of Utah School of Medicine. Salt
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Macrophages infected with amastigotes of Leish- lymphokines during the course of disease (3-5). For ex-
mania major and treated with IFN--y in vitro develop ample, macrophages from mice infected with the mac-
potent antimicrobial activities that eliminate the rophage activating agent Mycobacterium bovis strain
intracellular parasite. This antileishmanial activity BCG are resistant to infection with amastigotes of L.
was suppressed in a dose dependent fashion by N'- major. Moreover, any parasites that do enter the BCG-
monomethyl-L-arginine (NGMMLA), a competitive in- activated macrophages are killed within 72 h (6). Immu-
hibitor of nitrite, nitrate, nitric oxide and L-citrul- notherapy with M. boris may reflect a similar phenome-
line synthesis from L-arginine. Excess L-arginine non in vivo: BCG admixed with L. major amastigotes and
added to infected macrophage cultures reversed the injected into susceptible mice blocks parasite replication
inhibitory effects of NGMMLA. Addition of arginase in macrophages in tissues. and prevents development of
to culture media inhibited intracellular killing by i arpae ntsus n rvnsdvlpeto
toNcultremedted intrcelular killitswereseeng wi both cutaneous lesions and lethal systemic disease (4. 7).
IFN-y-treated cells. Similar effects were seen with Rsdn eioelmcohgsas eeo ni
macrophages obtained from BCG-infected C3H/HeN Resident penitoneal macrophages also develop anti-
mice. Increased levels of nitrite, an oxidative prod- leishmanial activities in vitro after treatment with acti-
uct of the L-arginine-dependent effector mecha- vating factors in lymphokines or recombinant IFN-1.
nism, was measured in cultures of infected IFN - With the appropriate in vitro activation signals, these
treated macrophages as well as infected BCG-acti- cells develop resistance to infection with the parasite (8,
vated macrophages. Nitrite production correlated 9). as well as the capacity to eradicate residual intracel-
with development of antileishmanial activity. Ni- lular amastigotes of L. major (3). IFN-1 clearly influences
trite production and microbicidal activity both de- in vivo natural resistance to L. major infection in mice
creased when in vivo or in vitro-activated macro- (10). Treatment of C3H/HeN mice with anti-lFN-) mAb
phages were cultured in the presence of either ar- at the time of inoculation of L. major alters the phenotype
ginase or NGMMLA. Nitric oxide synthesized from a of resistant animals: they develop cutaneous lesions and
terminal guanidino nitrogen atom of L-arginine and systemic disease indistinguishable from that of geneti-
a precursor of the nitrite measured, may disrupt Fe- cally susceptible BALB/c mice. The exact role of IFN-1 in
dependent enzymatic pathways vital to the survival clearance of amastigotes from the infected cutaneous
of amastigotes within macrophages. tissues, however, has not been completely delineated.

The mechanism(s) by which activated macrophages kill
Inasmuch as the Leishmania replicate only within intracellular amastigotes remain an enigma. The Leish-

macrophages of an infected host. elimination of the par- mania, which replicate exclusively in phagolysosomes of
asite and resolution of disease must invoke extraordinary macrophages. are under strong evolutionary pressure to
metabolic changes in the infected macrophage. These develop compensatory mechanisms that subvert antimi-
changes shift the intracellular environment of the para- crobial effector activities. The intracellular conversion of
site from one that is supportive of replication, to one that the sandfly-adapted promastigote to the amastigote form
is hostile to survival. Both in vitro and in vivo studies found in mammalian tissues is instrumental to the s. r-
convincingly demonstrate that intracellular persistance vival and propagation of the leishmanlal species. Unlike
of Leishmania major depends on the differentiative state the promastigote of L. major. the amastigote is quite
of the macrophage at the onset of infection (1. 2) and the resistcnt to the antimicrobial mechanisms of the unstim-
capacity of the macrophage to respond to T cell-derived ulated macrophage. For instance, attachment and entry

of either the promastigote or the amastigote in macro-
Received for publication June 21. 1989. phages elicts a superoxide synthesizing respiratory burst
Accepten for publication Oclober 4. 1989. which the arnastigote readily survives (2). The respiratory
The costs of publication of this article were defrayed in part by the burst induced by the amastigote is of a lesser magnitude

payment of page charges. This article must therefore be hereby marked
adversement in accordance with 18 U.S.C_ Section 1734 solely to indl- than that induced by the promastigote. Unlike the pro-
cate this fact. mastigote, L. major amastigotes are also less sensitive to

'In conducting the research In this report, the investigator adhered to
the Guide for Laboratory Animal Facilities and Care as promulgated by cytokine-induced, oxygen-dependent antimicrobial
the Committee of the Guide for Laboratory Animals and Care of the mechanisms, such as H2 0 2 . Although controversial, this
Institute of Laboratory Animal Resources. National Academy ol Sciences. relative resistance to reactive oxygen intermediates by
National Research Council. The views of the authors do not purport to
reflect the position of the department of the Army or the t)epartment of intracellular tissue forms of the parasite may be due to
Defense. their high levels of endogenous catalase. peroxidase. and

'Address correspondence to Dr. Shawn J. Green. t)epartment of Cil-
lular Immunology. Walter Reed Army Institute of Research, Washington. superoxide dismutase.
DC 20307-5100. Activated macrophages cause characteristic metabolic
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changes in tumor target cells: inhibition of the citric acid x g. 7 min) and the percent macrophage., with intracellular amasti-
cycle enzyme. aconitase ( 11. 12). and inhibition of mi- gotes was estimated by microscopic examination of stained cell

smenr-. Results were expressed as mean percent Leishmania-ln-
tochondrial respiration (12-15). Disruption of these vital fected macrophages ± SEM for four to eight observations ott two to

metabolic pathways is independent of the respiratory four cultures (800 to 1600 macrophages observed). Mlcrobicldal

burst (16, 17) and is mediated by ,.-arginine-derived in- activity was defined as percent decrease in infected macrophages in
treated cultures compared to control cultures. by the following for-

organic nitrogen oxides produced by cytotoxic activated nmul.: (" infected control macrophages-" infected treated macro-

macrophages: in this case, nitric oxide appears to be the phages) x 100 + r; infected control macrophages.

ultimate effector molecule (15, 18-20). Measurement of NO 2 - production byl L. maJor-infected macro-
phages. Cell-free culture fluids were assayed for nitrite by the Griess

In this study. we report that synthesis of L,-arginine- reaction 1261. Briefly. 50-pl aliquots of the conditioned medium were
derived nitrite, an oxidiative degradation product of nitric incubated with 

2 0 0 
ul of 1 ", sulfanilamide and 200ul of 0.11; N-I -

oxide, correlated with intracellular killing of L. major by naphthylethylenediamitme dilhydrochoride in 2.5'; H: 10, tSigma) at
actiate marophges Inaddiion th cometiivein-room temperature for 5 min. Absorbance at 543 om was measured.activated macrophages. In addition, the competitive tn- No2- was quantified by comlparison to NaIN0 2I as standard.

hibitor of inorganic nitrogen oxide synthesis. N'-mono- N

methyl-t.-arginine (12. 15. 18, 19). blocked development RESULTS

of intracellular killing by macrophages activated with

IFN-, in vitro and BCG in vivo. Intracellular killing of L. Effects of methylated-,-arginine derivative on IFN-- -

major by activated macrophages may be mediated by the induced macrophage antimicrobial activities. By 72 h.

same t-arginine dependent effector mechanism observed macrophages cultured with IFN--y develop the capacity to

to cause cytostasis, and under certain conditions cytoly- restrict replication of L. major amastigotes: the majority
sis. of mammalian neoplastic cells, of these cells (>75%() actually kill the intracellular para-

site (5). We examined the effects of N
1
MMLA. a metabolic

MATERIALS ANt) METHODS inhibitor of inorganic nitrogen oxide synthesis from -
arginine (12. 15. 18, 19) on IFN--,-induced antimicrobial

Animals. Specific pathogen-free male C3H/HeNHSD mice were activite (Fg. 1 and 2) oFN-a 5 induced 7mto

obtained from Harlan Sprague-Dawlev. Indianapolis, IN: BALB/ciyJ activities (Figs. I and 2). IFN--, at 2t5 Ulm] induced 75 to

mice were purchased from The Jackson Laboratory. Bar Harbor. 80% microbicidal activity in resident PC (Fig. 1): this IFN-
MA. All animals were housed in barrier facilities until use, and were -y-induced intracellular destruction of amastigotes. how-
routinely screened and found to be negative for bacterial pathogens ever. was inhibited in a dose-dependent fashion by treat-
and for subclinical viral infections through the serodiagnostic serv-
ices of Microbiological Associates. Bethesda. MD. ment of the cells with N('MMLA. Half-maximal activity of

Target organism. The target microorganism used in these studies the competitive -arginine inhibitor calculated by the
was the amastigote (tissue form) of the protozoan parasite. L. major N('MMLA dose response on 5 U/ml IFN---treated cells
(NIH strain 173 . Parasites were maintained by passage in footpads
of BALB/cByJ mice. Monodispersed amastigotes were obtained by
disruption of infected footpad tissue and passage through no.50 Microbicidal activity in Figure I was estimated by not-
stainless steel mesh screens into DMEM (formula no.78-0176, ing the percent decrease in the number of infected cells
GIBCO. Grand Island, NY) supplemented with 101i heat-Inactivated in IFN-y-treated cultures compared to medium-treated
fetal bovine serum (Sterile Systems. Logan. UT) and 50 mg/ml gen-
tamicin (MA Bioproducts. Rockville. MD). Amastigotes were released controls, regardless of the number of amastigotes/in-
from infected macrophages by homogenization in a Ten Bruek tissue fected cell. Microbicidal activity calculated in this man-
homogenizer: tissue debris was removed by centrifugation of the ner underestimates the effects of IFN--y by ignoring cy-
suspension at 200 x g. Parasites were stained with fluorescein
diacetate and ethidium bromide, and were counted in a hemacyto- tostatic activity induced in cells unable to completely

meter 124). Amastlgote preparations were adjusted to 5 X 10 6 viable
organisms/ml before use. 100

Infection of mice with M. boris. strain BCG. C3H/HeN mice were - 50 Uml IFN
inoculated Lp. with 105 CFU of the Montreal strain of M. bovis strain .> 20 Uml
BCG. Cells were harvested from the peritoneal cavity after 8 to 10 '> 5 U,ml
days of infection. = 80

Macrophages. Resident PC' from untreated C3H/HeN mice were 21U1ml

collected after i.p. Injection of 8 to 10 ml of DMEM with 2%;. heat
inactivated FCS and 50 ug/ml gentamicin. Peritoneal fluids were
pooled and samples were removed for differential and total cell 'a 60
counts: the remaining fluids were centrifuges at 200 x g for 10 min '
at 4 'C. Differential cell counts were made on Wright-stained cell ,1
smears (Diff-Quick. )ade Diagnostics. Aquado. PR) prepared by cy- 2
tocentrifugaton (Cytospin centrifuge, Shandon Southern Instru- .2 40
ments. Camberly. England]: resident PC preparations usually con- 2
taned 50 ± 3% macrophb!es 45 '7 3% lymphocytes, 3 ± 2% poly-
morphonuclear leukocytes. and 2 ± 2% mast cells. Washed PC
suspensions were adjusted to I X 106 macrophages/ml In DMEM 0 20
with 2%' FCS and 50 pg/mI gentamicln. ,

Lymphokines. IFN--, was supplied byGenentech. South San Fran
cluse'o. CA. The concentration of IFN-I (U/ml} was confirmed by ELISA C

with the anti-IFN'I mAb HI. developed and generously supplied by 0 "
Dr. Robert Schrelber, Washington University School of Medicine. St. 0 0.1 0.2 0.3
Louis, MO (25).

Treatment of macrophages for induction of microbicidal activi- Monomethyl-L-Arginine (mM)
ties against L. major amastigotes. Macrophages were exposed to Figure I . Effect of IFN-- (IFN) and monomethvl-.-argilnne on mhac-
one amastigote/macrophage (I x 106 macrophages/ml; 0.5 ml/tube) rophage antilefshmanlal activities. Resident macrophages 1I x lOl/ml)
for 2 h at 37 'C. 5; C0 2 with periodic shaking, and then treated were exposed to amastigotes It x 10"/ml for 2 h. and then treated with
with IFN-I in the presence or absence of NOMMLA. (Calbiochem- different concentrations of IFN-'i. with or without monomethvl-i -argi-
Behring Corp.. l.a Jolla. CA). bovine liver arginase (Sigma Chemical nine. After 72 h. 200-pI aliquots were removrd for cvtocentrlfugation and
Co.. St. Louis. MO), or t.-argintlne (Sigma). After 72 h of incubation stained for light microscopy. Percent Infected macrophages was deer-
at 37 °C. aliquots of the cell suspensions were cytocentrifuged (700 mined by observation of 400 macrophages per treatment group, Precent

microbicidal activity was calculated by determining the change In per-
'Abbreviation used In this paper:PC. peritoneal cells: N'-mononethvl- centage of Infected macrophages ill treated cultures compared to control.

i.-arinine. medium-treated cells as des'ribed In Materiols and Methods.
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A. lated by either amastigotes/1 00 macrophages [Fig. 2A) or
1000 mean amastigotes/infected macrophage (Fig. 2B). were

,0 -MM . A markedly different than the number of amastigotes in
, [cells treated only with IFN-y. After 72 h. a mean of 10

M- 800- " 0 c. amastigotes was observed in each infected control cell
0 o 0 (Fig. 2B). In contrast, a mean of only two amastigotes

-'0 025 were found in each IFN-1 -treated residually infected mac-
600/ rophage. This number is not significantly different than

the number of intracellular amastigotes in infected cells
at the outset [time 0) of infection (1.6 amastigotes/in-

400 fected cellij. Thus. IFN-- treatment of macrophages re-
/ sulted in cytostatic. as well as cytocidal activity against

the amastigote. When infected IFN--1 -treated cells were
cultured in as little as 0.01 mM NGMMLA. however, the±200-o inumber of amastigotes per infected cell nearly doubled.

rn / and in some cases, tripled (mean for all residually in-
E 0/ fected macrophages in IFN-- -treated cultures of 5.1

0 2 5 2 0 amastigotes/cell).
IFN (U/mI) Effects of NIMMLA on antimicrobial activity of mac-

rophages activated in vivo. Intraperitoneal infection of
C3H/HeN mice with M. bovis strain BCG induces a pop-

B. ulatlon of macrophages activated to kill L. major amas-

tigotes (6, 7). The addition of N'MMLA to cultures of
10 ,. - 0 mM MMLA these in vivo-activated macrophages inhibited antimicro-

S0.005 bial activity by more than 95e' (Fig. 3). This level of

a ..."" 0.01 inhibition was similar to that observed with macrophages
8 . "-. 0.05 activated by IFN--y in vivo.

*-0.25 Specificity of inhibitory effect of MMMLA. The inhib-

itory effect of Nt'MMLA on IFN--y-induced intracellular
6 .killing was reversed by increasing the concentration of

t-arginine in the culture medium (Table I). The addition
of 1 to 2 mM L-arginlne totally reversed the inhibitory

4 effect of 0. 1 mM of the methylated derivative. Excess
..... "......... arginine alone had no effect (data not shown).

Macrophages were infected with amastigotes and ex-
2 posed to IFN--y in DMEM that contained various concen-

trations of argiase (Fig. 4). an enzyme which converts
___0 i.-arginine to L-ornithine and urea. Neither of these met-

0 1 0 2 0 abolic products of L-arginine are adaquate substrates for
IFN(U ml) nitric oxide production by activated macrophages (12.

Figure 2. Effect or monomethvl-i.-arginine (MMLA) on intracellular 18). Under these conditions, infected macrophages re-
killing of amastigotes by IFN--,-activated macrophages. Resident macro- mained viable in culture in excess of 72 h. The antileish
phages (1 x I 0/ml) were exposed to amastigotes (P x I 0'/ml) for 2 h, and manial activity normally expressed by IFN--y -treated mac-
then treated with different concentrations of IFN-y . with or without rophages was inhibited by exogenously added arginase
MMLA. After 72 h. 200-ul aliquots were removed for cytocentrifugation
and stained for light microscopy. A, The number of Intracellular amasti- (Fig. 4). These results suggest that depletion of extracel-
gotes was determined by observation of 400 macrophages per treatment lular pools of L-arginine, a necessary substrate for inor-
group Results are expressed as amastigotes per 100 macrophages. Each ganic nitrogen oxide synthesis, blocks development of
value is the mean of two determinations on duplicate samples. B. Intra-
cellular replication of amastigotes was estimated by calculating the mean potent intracellular killing mechanisms by IFN--1-treated
number of amastigotes/Infected macrophage. macrophages.

Correlation of anti-leishmanial activity with i.-argi-
clear the parasite. To examine whether N0 MMLA influ- nine-derived NO2 - production by activated macro-
enced the ability of the parasite to replicate inside of phages. We examined the production of NO 2 -, a degra-
cells, we determined the number of amastigotes per 100 dation product of nitric oxide, the postulated effector
macrophages after 72-h incubation In the presence or molecule derived from i.-arginine oxidation (18-21). NO 2 -
absence of IFN--y and NGMMLA (Fig. 2A). The number of detection provides a stable and reliable marker for the t.-
parasites in N'"MMLA-treated macrophages was greater arginine-dependent effector mechanism (15. 16. 18. 19).
than in untreated control cells. These results suggest As shown in Table 11. expression of intracellular killing
that untreated macrophages exerted a baseline level of by lFN-y-treated, L. major-infected macrophages corre-
cytostasis which could be blocked by inhibiting intrinsic lated with NO- production as measured by the Greiss
L-arglnine-dependent metabolic pathways with the reaction (26). Further, both NO 2 - production and microb-
N0 MMLA. The mean number of amastigotes per infected icidal activity by IFN--y-treated. L. major-infected mac-
macrophage In control cultures with or without N0 MMLA rophages were blocked with either arginase or NcMMLA
(Fig. IB) ranged from 9.2 (untreated) to 10.5 (with that has been shown to inhibit the cytotoxicity of acti-
NGMMLA). The number of amastigotes in all IFN--y- vated macrophages for neoplastic cells (12. 18). Similar
treated cultures exposed to -0.01 mM N 0 MMLA, calcu- correlation of nitrite production and intracellular killing
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TABLE III derivatives inhibit I)NA synthesis, and are the proximal
NO,- leuels in culture fluids of L. major- infected macrophaes from

BCG inoculaic-d C3H/HeN mice treated with V;MMLA cause of amastigote e\tostasis in IFN--treated macro-

Infected 
phages.

N MMLA Miroblcidal NO,- The generation of nitric oxide by activated macro-Im I Macrophages Activity ;s u 0(el/2H
ImM) I ± SEMI AI O'COIs/72 I phages also induces the heme-dependent activation of

0 6 ± 4 89 80 guanylate cyclase. with the subsequent stimulation of
0.01 8 ± 3 85 67 the secondary messenger, cGMP. This may, in turn. serve
0.05 36 ± 1 35 50
0.10 46 ± 6 16 42 as a signal for monokine production involved in the ef-
0.25 51 ± 4 7 24 fector function, and the release of potent effector mole-
0.50 53 ± 4 4 16 cules yet to be identified. IFN-7 induction of such a path-

Macrophages from uninoculated mice (normal cowrol]: way in macrophages would parallel the acetylcholine-

o ,55 ± 3 _ __2 induced production of endothelium-derived relaxation

After 72 h. treated macrophage culture, were centrifuged 1500 x g. factor, which closely resembles nitric oxide (31. 32). En-
10 min). and cell pellets were resuspetised in 0.5 ml fresh medium. dothelium-derived relaxation factor causes vascular
Culture fluids were assayed for NO by the Greiss reaction (26). Cell
smears were prepared by cytocentrifugation for assessment of microbi- smooth muscle relaxation and inhibition of platelet adhe-
cidal activit. sion by activating guanylate cyclase. elevating intracel-

lular cyclic GMP, and causing Ca* efflux. Similar events
DISCUSSION may take place in the activated macrophage: increased

This report provides strong evidence for an L-arginine- levels of cGMP. followed by changes in intracellular Ca*.

dependent effector mechanism in the intracellular killing could initiate the cascade of events involved in the mac-

activities of macrophages activated by IFN--y: (1) rophage effector activity.

NGMMLA, a competitive inhibitor of the synthesis of in- A third possibility, and one which we presently favor.

organic nitrogen oxides derived from i-arginine (12, 15, is that the short-lived precursor of nitrite synthesis, nitric

18, 19). inhibited intracellular killing of amastigotes by oxide, may be the actual effector molecule that causes

both IFN---treated and BCG-activated macrophages: (2) stasis and/or lysis of the intracellular parasite. Nitric

an excess of exogenous L-arginine reversed the inhibitory oxide is synthesized from a terminal guanidino nitrogen

effects of N"MMLA: (3) addition of arginase to the culture atom of L-arginine by activated macrophages (19. 21).

medium of amastigote-infected. IFN--y-treated macro- and could explain loss of intracellular iron loss (11. 15.

phages suppressed antimicrobial activity; and (4) NO 2 - 33) and inhibition of enzymes with iron-sulfur prosthetic

production correlated with intracellular destruction of groups that are important in a number of vital metabolic

amastigotes, and was inhibited by NGMMLA and argi- pathways of tumor targets (11. 12, 18-20) and in certain

nase. Collectively. these data suggest that nitric oxide microorganisms. Cytotoxic activated macrophages in-

synthesized from the terminal guanidino nitrogen atom hibit two oxidoreductases of the mitrochondrial electron

of L-arginine plays a major role as the effector molecule transport chain in tumor targets (13. 14). the citric acid

in intracellular destruction of L. major amastigotes by cycle enzyme aconitase (11. 12. 15, 18, 19), and DNA

activated macrophages. replication (11. 12. 18). Each of the enzymes have a

The actual intracellular signals required for production catalytically active iron linked to a sulfur group that could

of nitrite, nitrate, and nitric oxide by mammalian cells be degraded by nitric oxide, and released as an iron-

are incompletely understood, but these effector molecules nitrosyl complex. Nitric oxide gas mimics macrophage-

are clearly regulated independently of the respiratory mediated tumor cytotoxicity as measured by [5 5Fe release

burst and reactive oxygen intermediates (16. 17, 28. 29). (19), inhibition of mitochrondrial aconitase activity and

Our data on nitrite synthesis and release by activated respiration (19. 20), and ["H) TdR uptake (19). In an

macrophages (data not shown) suggest that secretion of analogous manner, nitric oxide generated in the IFN-),-

NO 2 - at levels sufficient to affect viability of intracellular treated, L. major-infected macrophage may cause iron

amastigotes after stimulation with IFN--y alone does not efflux, followed by Fe-dependent enzyme inhibition in

occur In uninfected macrophages. Yet cells activated in the amastigote.

vitro in the studies reported above were treated with a Although detailed biochemical pathways for carbohy-

single activation agent. IFN--y. How then does the IFN--)- drate metaboli- -n are not well characterized in the amas-

activated macrophage receive a second signal for intra- tigote, both the promastigote and the amastigote do con-

cellular destruction of L. major amastigotes? It is known tain a mitrochondrion, enzymes of the TCA cycle, and

that certain microbial products (i.e., LPS and muramyl rely on mitrochondrial electron transport and ATP syn-

dipeptide) function as co-signal in the induction of inor- thesis, especially during transformation of the promas-

ganic nitrogen oxides synthesis for i-arginine by acti- tigote to amastigote (for review, see Ref. 22). It is tempting

vated macrophages (30). to spectulate that inhibition of mitrochondrial respiration

The precise nature of the metabolic changes in the by the L-arginine-dependent effector mechanism char-

amastigote induced by inorganic nitrogen oxides that acterized in macrophage-mediated tumor injury (11 -15)
result In death of the parasite are unknown. Several and fungistasls (23) may also be the mechanism for IFN-
effects of L-arglnlne catabolism in other systems. how- -y-induced destruction of intracellular parasites by acti-
ever. may shed light on the Intracellular fate of the amas- vated macrophages. One target within the amastigote
tigote. For example. lyengar et al. (17) speculates that N- may indeed by mitochondrial respiration, because lel'h-
guanido-hydroxylated arginine. a postulated intermedi- manias contain an antimycin A sensitive mitrochondrion

ate In the conversion of i.-arginine to nitrite/nitrate (22). Another candidate target enzyme is citric acid cycle
and i.-cltrulllne. Is a potent inhibitor of DNA synthesis. aconitase, active In a number of Leishmania sp. includ-
Inasmuctl as N-hydroxylated guanidines possess antltu- Ing L. major. Finally. the superoxide dismutase found in
mor and rmlcrobicldal activity, It Is possible that such L. major may be the Achilles heel of Intracellular amas-
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l igotes in the activated macrophage. This superoxide dis- C. A. Nacy. 1989. Administratioui of monoclonal anti-interferon
distnctielygamma antibods, in vivo abrogates natural resistance of C311'lieN

mutase is dsicveydifferent from the mammalian rfkce to Infection with Leishmarna nictior, J. lotmunnot. 143:266.
enzyme form: it is an Fe-dependent enzyme (2). Thus. 11. Drapier. J. C.. and J. B. Hibbs, Jr. 1986. Murine cytoxic activated

inacrophages inhibit aconitase in tumor cells. .1. Clin. in vest. 78:790.activity of the iron-containing superoxide dismutase may 12, Hibbs, J. B.. Jr.. Z. Vavrin. and R. R. Taintor. 1987. .-Arginine Is
be abolished by the loss of intracellular Fe* induced by required for expression of the activated macrophiage effector mech-

L-arginlne-derived nitric oxide, and the actual effector anism causing selective metabolic Inhibition in target cetts. J. ito

moleulema e areativ oxyen ntemedatefor m unol. 138:550.
molcul my bearatv1xgnitreit o 3. Granger. D. L.. R. Taintor, J. Cook, and J. B. Hibbs, Jr. 1980. 1Injurv

which the parasite no longer has a defense. This may be of neoplastic cells by murine macrophages leatds to infl-iition of

further exacerbated by IFN--r-induced down-regulation of niitrochcondrial respiration. J. Clin. Invest. 65:357.
the ranferin rcepor 34, 5).Thecombnedeffcts 14. Granger, D. L. and L. Lehninger. 1982. Site of inhibition of mitro-
the ranferin rcepor 34. 5).Thecombnedeffcts chondrial electron transport In macrophage-injured neoptastic cells.

of iron loss and decreased uptake may explain IFN--y- J. Cell Biol1. 95:527.
induced killing. It was recently reported that doubling the 15. Deapier. J. C.. and J. B. Hibbs, Jr. 1988. Differenitiation of mourine

macrophages to express nonspecific cvtotoxicitv for tumor cells re-
amount of iron-saturated transferrin in the culture me- suits in i.-arginine-dependlent inhibition of mitrochondrial iron-sul-
dium can reverse the capacity of IFN--y -activated mono- fur enzvmes in the macrophage effector cells. J. Immunol. 140:2829.

16. Ding. A. H-.. C. F. Nathan, and D. J. Stuehr. 1988. Release of reactive
cytes to inhibit intracellular Legionella pneumophila nitrogen intermediates and reactive oxygen intermediates from
multiplication. In a similar fashion, medium supple- mouse peritonecal macrophages: Comparison oif activating cvtokines
mented with ferrous ion restores aconitase activity ii and evidence for independent production. J. Imrnunol. 14 1:2407.

macrphae ijurd-tmortaret clls(11 15 33. Sud- 17. Iyengar. R. D.. J. Steihe. and M. A. Marietta. 1987. Macrophiage
macrphae ijurd-tmortaret clls(11 15 33. Sud- synthesis of nitrite, nitrate, and N-nitrosamines: precursor and rote

ies are currently underway to determinine if amastigote of the respiratory burst. 1'roc. Nat. Acad. Sci 84:6369.
intracellular survival is iron dependent. 18. Hibbs, J. B.. Jr.. R. R. Taintor, and Z. Vavrin. 1987. Macrophage

cytotoxicity: role for i-arginilne den .ase and itnino nitrogen oxida-
It will not be easy to pinpoint the actual events that tion nitrite. Science 235:473.

lead to amastigote death, because the amastigote is an 19 Hibbs, J. B.. Jr.. R. Taintor. Z. Vavrin. and E. Rachlin. 1988. Nitric
of mcropages andmust oxide: a cvtotoxic activated macrophage effector molecule. IBiochem.

obligate intracellular parasite ofmcohgs n ut Biophys. Res. Comm. 15 7:87.
be studied inside its host cell. Despite these inherent 20. Sttmehr. D. J., and C. T. Nathan. 1989. Nitric oxide: a macrophage
difficulties, however, further understanding of the Njo- product responsible for cytostasis and respiration inhibition In tumor

target cells. J. Exp. Med. 169:1543.
chemical pathway. regulation, and physiologic role of t, 21. Marietta. M. A.. S. Y. Poksyn. R. Iyengar. C. D. Leaf. and J. S.
arginine-derived inorganic nitrogen oxides by activated Wishonk. 1988. Macrophage oxidation of i-arginine to nitrite and
macrophages is essential. This information will provide 2.nitrate: nitric oxide is an intermediate. Biochemiistryj 27:8706.

22.Mare, J. J. 1980. Carbohydrate metabolism in Leislimania. to tho-
insight into the use of cytokines as immunotherapeutic chemistry~ and Phtysiolog'y of Protozoa. M. 1.evandovskv. S. H. Hut-
modalities, and facilitate design of drugs that enhance ner. and L. Prrovasoli. eds. Academic Press. Inc. New York. p. 313.

nonsecifc potecivehost immunity against infectious 2.3. Granger. D. L., J. B. Hibbs. J. R., Jr.. Perfect, and D. T. Durack.
nonpecficproectve1988. Specific amino acid (i.-arginine) requiremlent for the microbios-

agents. tatic( activity of murine macrophages. J. Clin. inivest. 81:1129.
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